Listeria monocytogenes is a food-borne pathogen responsible for the disease listeriosis. The infectious process depends on survival in the high bile-salt conditions encountered throughout the gastrointestinal tract, including the gallbladder. However, it is not clear how bile-salt resistance mechanisms are induced, especially under physiologically relevant conditions. This study sought to determine how the L. monocytogenes strains EGDe (serovar 1/2a), F2365 (serovar 4a) and HCC23 (serovar 4b) respond to bile salts under anaerobic conditions. Changes in the expressed proteome were analysed using multidimensional protein identification technology coupled with electrospray ionization tandem mass spectrometry. In general, the response to bile salts among the strains tested involved significant alterations in the presence of cell-wallassociated proteins, DNA repair proteins, protein folding chaperones and oxidative stressresponse proteins. Strain viability correlated with an initial osmotic stress response, yet continued survival for EGDe and F2365 involved different mechanisms. Specifically, proteins associated with biofilm formation in EGDe and transmembrane efflux pumps in F2365 were expressed, suggesting that variations exist in how virulent strains respond and adapt to high bile-salt environments. These results indicate that the bile-salt response varies among these serovars and that further research is needed to elucidate how the response to bile salts correlates with colonization potential in vivo.
INTRODUCTION
Listeria monocytogenes is a Gram-positive, food-borne pathogen responsible for nearly 28 % of all food-related deaths reported annually in the USA (Lynch et al., 2006; Mead et al., 1999) . The immunocompromised, elderly, neonates and pregnant women are among those most susceptible to infection. Listeriosis manifests as meningitis or meningoencephalitis and septicaemia in immunocompromised adults and can also infect the fetus in pregnant women (Fayol et al., 2009; Thigpen et al., 2011) .
L. monocytogenes endures a multitude of potentially stressful environments throughout the infectious pathway, such as acidic conditions found in the stomach, osmolarity changes in the small intestine and high concentrations of bile salts found in both the small intestine and the gallbladder (Davis et al., 1996; O'Driscoll et al., 1996) . L. monocytogenes can thrive extracellularly in the gallbladder, where bile-salt concentrations are highest (Hardy et al., 2004) . It has been suggested that the mechanisms utilized by L. monocytogenes to resist the bactericidal effects of bile salts serve as virulence factors and are required for successful colonization within the gastrointestinal tract for L. monocytogenes as well as other enteric species (Begley et al., 2002; Kus et al., 2011; Lin et al., 2003; Merritt et al., 2010) , making bile-salt resistance potentially a key factor in the pathogenic potential of L. monocytogenes.
Bile salts have been found to alter the cell membrane of L. monocytogenes (Merritt et al., 2010) and introduce DNA damage in enteric species (Bernstein et al., 1999; Prieto et al., 2006) . A recent study described an increase in the expression of cell-wall-associated proteins following bile-salt exposure in the L. monocytogenes serovar 1/2a strain EGDe, suggesting that alterations to cell-wall composition are at least partially responsible for survival in bile salts (Zhou et al., 2012) . In support of bile salts inflicting DNA damage in L. monocytogenes, several mechanisms devoted to DNA repair have been found to be involved in bile-salt resistance, such as the nucleotide excision repair protein UvrA and the recombinational repair protein RecA (Kim et al., 2006; van der Veen & Abee, 2011) . Several mechanisms are also utilized by L. monocytogenes to resist the bactericidal properties of bile salts, including the bile exclusion system (bilE) (Sleator et al., 2005) , the general stress-response regulator sigma factor B (sigB) (Begley et al., 2005; Dowd et al., 2011) and bile-salt hydrolase (bsh) (Begley et al., 2005; Dussurget et al., 2002) . Additional systems associated with the bile-salt stress response are BetL, Gbu and OpuC. These proteins relieve osmotic stress encountered during passage through the gastrointestinal tract en route to faecal shedding or to the gallbladder through internalization at Peyer's patches and dissemination to the liver (Jensen et al., 1998) .
It has been suggested that variations exist in the ability of virulent and avirulent strains of L. monocytogenes to survive following exposure to bile salts (Merritt & Donaldson, 2009; Merritt et al., 2010) . Therefore, the aim of this study was to analyse the expressed proteomes of two virulent strains, EGDe (serovar 1/2a) and F2365 (serovar 4b), and an avirulent strain HCC23 (serovar 4a), in the presence of bile salts under slightly basic anaerobic conditions to mimic the conditions found in the gallbladder (Crawford & Brooke, 1955) . The strains EGDe and F2365 were chosen for analysis as they have been sequenced and both have been studied extensively (Glaser et al., 2001; Nelson et al., 2004) . The HCC23 strain is an avirulent strain (Wang et al., 1998) that has been sequenced recently by our group (Steele et al., 2011) , enabling us to characterize successfully the expressed proteome in response to varied environmental conditions and in relation to other strains of L. monocytogenes. Here, we report both the differences and similarities in the expressed proteomes of these three strains in response to bile-salt exposure.
METHODS
Bacterial strains and growth conditions. The strains of L. monocytogenes used in this study were the virulent strains EGDe (serovar 1/2a) and F2365 (serovar 4b) and the avirulent strain HCC23 (serovar 4a). Strains were cultured routinely in brain-heart infusion (BHI) medium at 37 uC. All anaerobic growth assays were conducted using sealed vials (Wheaton 5 ml serum bottles) containing medium. Vials were acclimated to anaerobic conditions for 48 h in a Coy Laboratories vinyl anaerobic chamber using a gas mix of 10 % H 2 , 5 % CO 2 and 85 % N 2 . Vials were plugged with rubber caps and sealed with aluminium seals prior to removal from the chamber.
Percentage survival analysis. Cultures were grown overnight in BHI broth at 37 uC and subsequently diluted 1 : 100 in anaerobic vials containing 2 ml fresh BHI broth using sterile 1 ml syringes to a concentration of~1610 7 c.f.u. ml
21
. To monitor oxygen levels within the vials, 5 mM resazurin was added to the sealed anaerobic vials. The inoculated vials were then allowed to grow at 37 uC to midexponential phase (OD 600 50.4,~1610 8 c.f.u. ml 21 ) in a shaker incubator. At mid-exponential phase, 1 ml cells was injected into a sealed anaerobic vial containing 0.2 g bovine and ovine bile salts (Sigma Aldrich), and a 1 ml aliquot of cells was injected into a sealed anaerobic vial without bile salts to serve as a control. Samples (0.2 ml) were removed by syringe hourly for 7 h after bile-salt exposure, diluted serially in PBS and plated immediately on BHI agar. The plates were incubated under anaerobic conditions using an AnaeroPack System (Remel R681001; Thermo Scientific) at 37 uC for 24 h prior to viable plate count analysis. Three independent replicates were analysed and the mean determined, and concentrations were transformed to log 10 (c.f.u. ml 21 ) for each strain.
For pH analysis, EGDe, F2365 and HCC23 were inoculated into anaerobic vials as described above with the exception of the addition of resazurin. Samples (0.1 ml) were acquired at 0, 2, 4 and 6 h after bile-salt exposure and applied to EMD ColourpHast pH indicator strips. An additional survival analysis was conducted with control samples adjusted to a pH of 7.5, which was identical to the pH after the addition of bile salts. Survival under anaerobic conditions was monitored in three independent experiments by viable plate counts as described above.
Statistical analyses were conducted to determine the significance of the percentage changes. A significant difference in growth between bile-salt-treated cells in comparison with non-treated cells was defined as P,0.05. To determine statistical significance within strains between bile-salt-treated and non-treated strains for each time point, a completely randomized design with repeated sampling using three independent replicates was analysed with PROC MIX (SAS version 9.3; SAS Institute). The GLM mix procedure was used to separate means when a level of significance (P,0.05) was identified.
Real-time RT-PCR. EGDe and F2365 were cultured under anaerobic conditions and treated with bile salts, as described above, in triplicate. Aliquots (0.4 ml) were removed at 2 and 5 h post-treatment with either 0 or 0.2 mg bile salts ml
. Samples were centrifuged at 8000 g for 2 min prior to treatment with RNAprotect Bacteria Reagent (Qiagen), according to the manufacturer's protocol. Cell pellets were stored at 220 uC overnight. RNA was isolated using an RNeasy kit (Qiagen) following the manufacturer's suggested protocol. Briefly, cell pellets were thawed on ice, resuspended in 0.1 ml TE buffer [30 mM Tris/HCl (pH 8.0), 1 mM EDTA] containing 15 mg lysozyme ml 21 and RNase inhibitor (Applied Biosystems). Samples were then treated with DNase I, washed on columns and eluted in 0.05 ml RNase-free water. RNA quality and quantity was analysed using a Nanodrop ND-1000. Isolated RNA was converted to cDNA using an Applied Biosystems High Capacity cDNA Reverse Transcription kit with RNase inhibitor following the manufacturer's protocol. A standard RT-PCR protocol was followed: 25 uC for 10 min, 37 uC for 120 min and 85 uC for 5 s. The quality and quantity of cDNA were determined using a Nanodrop ND-1000, and the cDNA was subsequently stored at 220 uC.
Relative fold expression changes in sigB in relation to expression of the 16S rRNA gene were determined using an Applied Biosystems
Step One Plus system. For sigB, the forward primer was 59-TGAAG-CTGATTCGGATGGAAG-39, the reverse primer was 59-TTCTCGCT-CATCTAAAACAGGG-39 and the probe was 59-TGATGTTGTTGGT-GGTACGGATGATGG-39. For 16S rRNA, the forward primer was 59-ACCCAACATCTCACGACAC-39, the reverse primer was 59-GTG-GAGCATGTGGTTTAATTCG-39 and the probe was 59-CCACCTG-TCACTTTGTCCCCGAA-39. Both PrimeTime qPCR assay probes were 59 labelled with 6-carboxyfluorescein as the reporter dye and Iowa Black as the 39 quencher dye. A standard curve was generated for both genes, starting with 100 ng cDNA template (diluted 1 : 2) to verify primer efficiency. Each reaction received 1 ml 206 PrimeTime qPCR assay mix designed for either sigB or 16S rRNA (Integrated DNA Technologies), 10 ml 26 TaqMan Gene Expression Master Mix (Applied Biosystems) and 100 ng template. The quantitative PCR program was as follows: stage 1, 50 uC for 2 min and 95 uC for 10 min with a hold at each; stage 2, 95 uC for 15 s and 60 uC for 1 min for 40 cycles. Fold changes from three independent replicates were calculated for sigB based on expression levels of the 16S rRNA using the formula derived for the comparative C T method (2 2DDC T ) (Schmittgen & Livak, 2008) .
Protein purification. EGDe, F2365 and HCC23 were grown overnight in BHI broth prior to a 1 : 100 dilution into 2 ml BHI in sealed vials and incubated under anaerobic conditions at 37 uC to mid-exponential phase (OD 600 50.4) in triplicate. Samples (0.2 ml) were removed from the anaerobic vials via syringe at 210 min, 1 h and 5 h after bile-salt exposure. Cells were pelleted by centrifugation at 4800 g and lysed by sonication, and the proteins were purified following procedures described previously by our laboratory . Purified proteins (50 mg) were treated with 2 mg trypsin overnight and desalted using a macrotrap (Michrom Bioresources). Desalted peptides were resuspended in 250 ml 5 mM monosodium phosphate in 25 % acetonitrile (ACN), adjusted to pH 3 using formic acid (FA) and then processed using a strong cation exchange macrotrap (Michrom Bioresources) according to the manufacturer's instructions. Cleaned samples were dried and resuspended in 40 ml 2 % ACN, 0.1 % FA and transferred to lowretention HPLC vials for analysis. Proteins were isolated from EGDe, F2365 and HCC23 in three independent experiments. Protein analysis. Peptide mass spectrometry (MS) was accomplished using an EASY-nLC (Thermo Scientific) HPLC machine coupled with an LTQ Velos (Thermo Scientific) linear ion trap mass spectrometer. The Easy-nLC was configured for reverse-phase chromatography using a Hypersil Gold KAPPA C18 column with a flow rate of 333 nl min
. Peptides were separated for MS analysis using an ACN gradient starting at 2 % ACN, 0.1 % FA and reaching 50 % ACN, 0.1 % FA in 120 min, followed by a 15 min wash of 95 % ACN, 0.1 % FA. Column equilibration was handled automatically using the EASY-nLC. The eluate from the HPLC was fed directly to the LTQ Velos for nanospray ionization followed by MS/MS analysis of detected peptides. The LTQ Velos was configured to perform one MS scan followed by 20 MS/MS scans of the 20 most intense peaks repeatedly over the 135 min duration of each HPLC run. Dynamic exclusion was enabled with a duration of 5 min, a repeat count of 1 and a list length of 500. Raw spectral data from the LTQ Velos were converted to mzML format using the msConvert tool from the ProteoWizard software project (Kessner et al., 2008) . The collected spectra were subsequently analysed using the X!tandem (Craig & Beavis, 2004) search algorithm using the appropriate strain database from the National Center for Biotechnology Information. X!tandem was configured to use tryptic cleavage sites with up to two missed cleavages. Precursor and fragment mass tolerance were set to 1000 and 500 p.p.m., respectively. Amino acid modifications included in the database search were single and double oxidation of methionine and both carboxymethylation and carboxamidomethylation of cysteine. A decoy search was also performed using a randomized version of the target database with the same search parameters as above. The search results were filtered using methods described by others (Filzmoser et al., 2005; Rousseeuw & Driessen, 1999) . A decoy score distribution was created, and each match from the target database was evaluated as a possible outlier and assigned a probability of being correct. Peptides from the target database were accepted if the probability of being correct was ¢95 %.
Protein comparison. Differential expression of proteins between bile-salt-treated and non-treated samples was evaluated based on peptide spectral intensity. The raw spectral data were converted to the MS1 tab delimited format (McDonald et al., 2004) using the MakeMS2 tool available from the MacCoss laboratory at the University of Washington (https://proteome.gs.washington.edu/ software/hardklor/programs.html) (Hoopmann et al., 2007) . The intensities for each peptide elution peak were pulled from its associated MS1 file using the Perl scripting language and summed. For each identified protein, the peptide intensities were combined and organized by experimental replicate. Differential expression was evaluated using the confidence interval and Monte Carlo resampling techniques to compare the replicate intensities between treatments. Each comparison used 1 million iterations and was assigned a P value based on the number of times each test favoured one treatment over another. A protein was accepted as significantly differentially expressed if the treatment intensity distribution was within the 95 % confidence interval computed from the resampling results, with the direction of protein expression reflecting the favoured treatment. Functional classifications of significantly changed proteins were identified using ListiList (http://genolist.pasteur.fr/ListiList/). Fold changes were calculated by normalizing intensity values by the addition of 1 to all values. The log 10 of all intensities were then calculated and used to measure change in protein expression (Supplementary Table 1 , available in JMM Online).
Microtitre plate assay. The formation of biofilms in the presence of bile salts was determined essentially as described previously (Begley et al., 2009) . Briefly, EGDe and F2365 were grown in triplicate in 2 ml BHI or BHI supplemented with 0.05 mg ml 21 bile salts as described above for 4 h. Cells were then pelleted by centrifuging at 10 000 g for 5 min, washed once in PBS and resuspended in 2 ml fresh BHI. A 200 ml aliquot of each was transferred in triplicate to a sterile 96-well microtitre plate and the cells were incubated for 24 h at 37 uC. The medium was removed and unattached cells were removed by washing each well three times with PBS. Biofilms were stained with 100 ml 0.2 % crystal violet solution in each well and incubated for 15 min at room temperature. Unbound stain was removed by washing each well three times with 200 ml PBS. The crystal violet was solubilized by the addition of 200 ml 95 % ethanol, which was then transferred to a new microtitre plate and the absorbance at 595 nm (A 595 ) was analysed (PowerWave; BioTek Instruments).
RESULTS

Viability in the presence of bile salts varies among strains
To determine whether variations existed between the virulent strains F2365 and EGDe and the avirulent strain HCC23 when exposed to bile salts under anaerobic conditions, viability was assessed for a period of 7 h postexposure in triplicate (Table 1) . Overall, F2365 displayed no significant difference (P50.08) in viability between bile-salttreated and non-treated groups. Both EGDe and HCC23 displayed significant differences (P50.03 and 0.02, respectively) in viability between bile-salt-treated and non-treated groups. The avirulent strain HCC23 decreased in viability following bile-salt exposure throughout the 7 h time period examined (Table 1) . There was a significant difference (P50.04) in the viability of bile-salt treatment groups between HCC23 and F2365. A within-strain comparison of EGDe was found to have a significant difference (P50.0003) in growth under anaerobic conditions without bile-salt treatment over the 7 h period examined.
The pH of bile-salt-treated and non-treated samples was also monitored: the pH of control samples remained at pH 6.0, whilst bile-salt-treated samples were at pH 7.5 for the entire 6 h period analysed. Therefore, to determine whether differences in pH between bile-salt-treated and non-treated samples accounted for the variation in growth, the pH of control samples was adjusted to 7.5. Survival curve analysis of EGDe, F2365 and HCC23 at a pH of 7.5 were similar to those obtained at a pH of 6.0 (data not shown), indicating that the alteration in pH was not a contributing factor to the variation in viability exhibited in the presence of bile salts.
The survival analysis of EGDe and F2365 suggested that, within 5 h of bile-salt treatment, both strains had adjusted to the bile salts and were able to grow actively again (Table  1) . The virulent strains EGDe and F2365 exhibited a significant decrease in viability in the presence of bile salts at 2 h (P50.04 and 0.02, respectively). EGDe also exhibited a significant decrease in viability at 5 h after bile-salt exposure (P,0.001). The viability of EGDe in bile salts increased between 5 and 6 h after bile-salt exposure (P,0.001). Given that both EGDe and F2365 were able to increase their viability without a subsequent decrease by 5 h after exposure to bile salts, the 5 h time point could be important for analysis of proteins required for bile-salt resistance. Real-time PCR was therefore used to analyse the expression of the general stress-response regulator sigB at 2 and 5 h after bile-salt exposure, as sigB has been shown to be involved in the response against bile salts in L. monocytogenes (Begley et al., 2005; Sue et al., 2003; Zhang et al., 2011) . The fold change in sigB for F2365 was not found to be significant between 2 and 5 h, displaying a fold change from 1.42 to 0.046. The fold change in sigB expression in EGDe increased from 66.72 at 2 h to 187.14 by 5 h post-exposure. These data suggest that the 5 h postexposure to bile salts was a critical point where EGDe mounted a stress response to bile-salt exposure. The avirulent strain was not included in the quantitative PCR study, as HCC23 did not recover from the bile-salt stress (Table 1) .
Proteins associated with the cell envelope and cellular processes are expressed differentially in strains EGDe, F2365 and HCC23
Comparisons within bile-salt-treated and non-treated strains revealed a significant change in the levels of peptidoglycanbound internalins expressed for all three strains. EGDe and F2365 had changes in the levels of putative peptidoglycanbound internalins (NCBI GI# 16802378 and GI# 46906910, respectively) ( Table 2 ). Internalin A increased in expression level for EGDe after 5 h of bile-salt exposure. There was a significant decrease at 1 h after bile-salt exposure in the detected levels of the invasion protein P60 (GI# 16802625) in EGDe. A protein similar to internalin B (GI# 46908437) was decreased in level at the 5 h time point in F2365 (P50.024). Interestingly, HCC23 had an increase in the levels of an internalin protein (GI# 217965399) at both 1 and 5 h after bile-salt exposure compared with controls (P,0.001).
A transmembrane efflux protein (GI# 46909007) was increased in F2365 after 5 h of bile-salt treatment (P50.032). A membrane lipoprotein (GI# 46906526) significantly decreased in levels in F2365 when exposed to bile-salt stress. An autolysin (GI# 46906369) was increased in F2365 in the presence of bile salts (1 h compared with 5 h, P50.034). A peptidoglycan-synthesizing protein (GI# 46908271) was increased by 1 h post-exposure (P50.032) but decreased by 5 h after bile-salt exposure (1 h compared with 5 h, P,0.001).
The detection of lipoprotein (GI# 217966164) was decreased in HCC23 after exposure to bile salts (0 h compared with 1 h, P50.005, and 0 h compared with 5 h, P,0.001). The cell-division initiation protein FtsZ (GI# 217963823) was decreased in HCC23 after 5 h of exposure compared with the 1 h exposure to bile salts (P,0.001). Additionally, the membrane export protein SecDF (GI # 217964326) was decreased in expression level after 5 h of exposure compared with the non-treated control in HCC23 (P50.016) ( Table 2) .
Metabolism-associated proteins are expressed differentially following exposure to bile salts Metabolic proteins associated with osmotic stress, biofilm formation and vacuole lysis were found to be expressed differentially among the three strains studied. Several osmotic stress-response proteins were expressed differentially, but strain-specific differences in expression were observed. The only osmotic stress-response protein found to be expressed differentially in all three strains was cysteine synthase (CysK) (Duché et al., 2002) , which was decreased in expression level at the 1 h time point for EGDe (GI # 16802269, P50.041) and at the 5 h time point for F2365 (GI # 46906455, P,0.001) but increased in expression level in the avirulent strain HCC23 (GI# 217965691, P,0.040) at 5 h. The osmotic stability protein glutamate dehydrogenase (GAD) (Cotter et al., 2001) of EGDe (GI# 16804401) decreased in expression level by 5 h (1 h compared with 5 h, P,0.001). The protein (p)ppGpp synthetase, which is associated with amino acid synthesis and is also part of the osmotic stress response (Okada et al., 2002) , decreased in expression level by the 5 h time point for the virulent strains EGDe (GI # 16803563, P,0.001) and F2365 (GI # 46907751, P50.037). Alanine dehydrogenase, a non-osmolyte osmotic stress-response protein (Köhler et al., 1990) , increased in expression level at 1 h (P50.032) and then decreased by 5 h for F2365 (GI# 46907810, P50.031).
The protein 1-pyrroline-5-carboxylate reductase (ProC), which is associated with proline synthesis (Sleator et al., 2001) and acts as an osmoprotectant in the osmotic stress response (Beumer et al., 1994) , was found to be increased in expression level by 5 h post-exposure in HCC23 (GI # 217965514, P50.016) ( Table 3) .
The metabolic proteins 6-phosphofructokinase (GI # 16803611, P,0.001) and pyruvate dehydrogenase (GI # 16803094, P50.013) were increased in expression level at 1 h after bilesalt exposure in EGDe. A protein responsible for listeriolysin O-independent lysis of epithelial cell vacuole lysis, zinc metalloproteinase precursor (GI# 217965711), was found to be increased at 1 h (P50.049) and decreased in expression level at the 5 h time point (P50.033) in HCC23 (Table 3) .
Stress-response and repair proteins are expressed differentially following exposure to bile salts Several significant differences related to stress-response and DNA-repair mechanisms were found between the three strains analysed (Table 4) . For instance, all three strains had a significant change in the expression level of catalase: both F2365 (GI # 46908975) and HCC23 (GI # 217966008) demonstrated an immediate increase in expression (P,0.001 and P50.026, respectively) and EGDe (GI # 16804822) increased expression by 5 h (P50.037) after bile-salt exposure. The virulent strains EGDe and F2365 exhibited an increase in excinuclease ABC proteins (UvrABC), which are responsible for recognizing and processing DNA lesions. and 0.002, respectively). Furthermore, the recombinational repair protein RecA (GI # 46907626) in F2365 decreased in expression after initial exposure to bile salts (P50.013). Two DNA mismatch repair proteins (GI # 217964449 and GI# 21764450) increased in HCC23 following exposure to bile-salt stress (controls compared with 1 h post-exposure, P50.008 and 0.021, respectively) but decreased by 5 h after exposure (P50.008 and 0.019, respectively).
In EGDe, class I heat-shock protein DnaK (GI# 16803513, P50.016) decreased in expression level upon initial exposure to bile-salt stress. The heat-shock protein GroEL also had a decrease in expression at 1 h after bilesalt exposure, but expression significantly increased by 5 h (1 h compared with 5 h, P50.001). A third heat-shock protein, DnaJ (GI # 16803512), was also found to be decreased in expression level after initial exposure (P50.014), followed by an increase in expression level at 5 h after bile-salt exposure (P50.014). A trigger factor protein increased following bile-salt exposure in EGDe (GI # 16803307, P50.001) but decreased in expression in HCC23 (GI# 217964590, P50.002).
Three heat-shock proteins were also expressed differentially in the virulent strain F2365. Class I heat-shock protein DnaK (GI # 46907701, P50.039) and GroEL (GI # 46908303, P50.039) were decreased in expression level after initial exposure to bile salts but increased in expression level by 5 h; however, the levels expressed by 5 h were lower than those prior to the treatment. The heat-shock protein HtrA serine protease (GI# 46906533) increased in expression level by 5 h after bile-salt exposure (P50.003) ( Table 4) .
DISCUSSION
Previous studies have found that the cell membrane is altered differently in virulent and avirulent strains of L. monocytogenes when exposed to bile salts under anaerobic conditions (Merritt et al., 2010) . Bile salts have also been shown to induce DNA damage in vivo in Salmonella enterica and Escherichia coli (Kandell & Bernstein, 1991; Prieto et al., 2006) . Therefore, the purpose of this study was to determine whether the viability of virulent strains was higher under concentrated bile-salt exposure in anaerobic conditions compared with avirulent strains and, if so, to identify the protein expression profile responsible for bile-salt survival. Several proteins were identified as being expressed differentially under the tested conditions, giving rise to a number of possible pathways to be investigated in future studies for survival of L. monocytogenes within the gallbladder.
Although L. monocytogenes possesses internalins that allow entry into non-phagocytic mammalian cells (Gaillard et al., 1991) , this bacterium exists in an extracellular state in the lumen of the murine gallbladder (Dowd et al., 2011; Hardy et al., 2004) . Peptidoglycan-bound internalins in EGDe and F2365 were decreased in expression level, supporting the report of extracellular growth observed in the gallbladder. However, the expression level of internalin A increased in EGDe, which may be attributed to the increased levels of the stress-response gene sigB indicated by the quantitative PCR data (Kim et al., 2005; McGann et al., 2008 McGann et al., , 2007 . The avirulent strain, however, increased the expression level of a peptidoglycan-bound internalin protein following exposure to bile salts, suggesting that HCC23 may prefer to grow intracellularly in this environment. The connection between the differences exhibited in internalin expression by virulent and avirulent strains coupled with that of listeriolysin O needs to be analysed further to determine whether this results in preferential intracellular versus extracellular growth in vivo.
Lipoproteins are virulence factors that assist in cell invasion and intracellular survival (Machata et al., 2008) . As would be expected because of the decreased levels of internalin expression, the virulent strain F2365 had decreased expression levels of lipoproteins. Interestingly, although internalins were increased in the avirulent strain HCC23, potentially promoting invasion of cells, the lipoproteins showed a decrease in expression following exposure to bile salts. Metalloprotease is used for escape from the vacuole during the intracellular growth phase (Machata et al., 2008) and was found to be increased in HCC23 after exposure to bile salts but decreased in expression level later at the 5 h time point. The decrease in metalloprotease expression supports the extracellular growth phase recorded as characteristic of listerial growth within the gallbladder (Hardy et al., 2004) , as metalloprotease would not be required for extracellular growth.
Biofilm formation has also been explored as a virulence factor utilized during the stress response in L. monocytogenes (Monk et al., 2004) . The virulent strain EGDe was found to decrease expression of invasion-associated protein (Iap P60) after bile-salt exposure. A decrease in expression of Iap P60 has been linked to rough colony formation leading to biofilm formation (Monk et al., 2004) . From the data presented here and recent work by Begley et al. (2009) concerning exposure to bile salts influencing biofilm formation in EGDe, biofilm formation may be responsible for the long-term survival of EGDe within the gallbladder. To determine whether differences were evident between EGDe and F2365, both strains were grown in the presence of bile salts, and biofilm formation was analysed after 24 h. As expected, EGDe was able to form biofilms in the presence (and absence) of bile salts. However, F2365 did not exhibit biofilm formation (Fig. 1) . These results further suggest that EGDe and F2365 may exhibit different mechanisms of coping with bile-salt stress.
Several proteins comprising efflux pumps have been found to remove metal ions, antibiotics and bile for bacterial survival in a number of enteric bacteria, including L. monocytogenes (Godreuil et al., 2003; Sleator et al., 2005) . The virulent strain F2365 was found to increase expression of a transmembrane efflux protein that is part of the major facilitator superfamily within 5 h of bile-salt exposure, which correlated with an increase in viability. These data indicated that transmembrane efflux protein may be utilized for the removal of bile salts.
Proteins associated with salt stress were expressed differentially for both EGDe and F2365 following exposure to bile salts. Glutamate decarboxylase, which is associated with osmotolerance (Cotter et al., 2001 ) in L. monocytogenes, was found to be increased in expression in EGDe after bile-salt exposure but subsequently decreased in expression by the 5 h time point. Another osmotolerance protein, (p)ppGpp synthetase (Okada et al., 2002) , decreased in expression in EGDe at 5 h post-exposure in comparison with the 1 h levels, supporting the theory that biofilm formation by EGDe protects the bacterium from osmotic stress. The decrease in expression of (p)ppGpp synthetase in F2365 by the 5 h time point may be due to the upregulation of an alternative survival strategy.
Alanine dehydrogenase is utilized during the salt-stress response by L. monocytogenes (Duché et al., 2002 ) and was increased in expression level in F2365 within 1 h of bile-salt exposure. Due to the increase in amino acid synthesis, which has been associated with the stress response of L. monocytogenes to osmotic stresses, alanine dehydrogenease can be thought of as a non-osmolyte response to osmotic stress (Duché et al., 2002) . The ability to survive osmotic stress is important to the survival of L. monocytogenes in the gastrointestinal tract and also in the gallbladder during bilesalt stress. The osmotic stress responses found to be expressed differentially may be part of the multifaceted mechanism utilized for cell viability in the gallbladder, as more than one stress is encountered and mechanisms must be activated in response to each stress. In general, the osmotic stress-response proteins found to be expressed differentially in virulent strains were not found to be expressed differentially in the avirulent strain HCC23, suggesting that the avirulent strain may be suppressed in viability by the osmotic stress encountered in the gallbladder.
Several studies have suggested that bile salts induce oxidative damage. The oxidative DNA damage has been characterized to be in the form of GCAAT transitions in S. enterica (Prieto et al., 2006) . Catalase is an enzyme used to remove reactive oxygen species responsible for oxidative damage and has also been found to be involved in repairing lipid peroxidation damage (Meilhac et al., 2000; Wang et al., 2011) . Catalase was found to increase in expression within the first hour in F2365 and HCC23 and by 5 h in EGDe. Additionally, mismatch repair proteins would be required to actively repair the DNA damage (Mérino et al., 2002) . Surprisingly, HCC23 did show an increase in the expression levels of these proteins, which indicates that this strain did attempt to repair DNA damage. Although excinuclease activity was found to be increased in expression level in both virulent strains, studies have shown UvrABC to be a dispensable method of DNA repair of oxidative damage (Prieto et al., 2006) , suggesting that alternative methods of DNA repair may be utilized in the presence of bile-induced DNA damage. Other DNA repair proteins identified in virulent strains were general stress response and recombinational repair proteins. Future studies will need to be conducted to determine the specific role that these DNA recombination proteins have in bile-salt survival. In addition, the RecA protein in F2365 showed decreased expression, but this finding does not exclude the possibility of recombination being key to survival under bile-salt stress, as RecA-independent repair pathways do exist (Ozgenc et al., 2005) . Both UvrA and RecA have been associated with the repair of dsDNA breaks, the damage accrued from exposure to bile (Prieto et al., 2006; Thiagalingam & Grossman, 1991) . The increase in heat-shock protein levels for all strains following exposure to bile-salt stress in conjunction with the activation of proteins related to repair of dsDNA breaks supports the oxidative damage theory suggested above.
In summary, prolonged viability in the presence of bile salts was found to be different between the three strains tested. Several alterations in the expression levels of cell-envelopeassociated proteins were identified, which may contribute to the ability of L. monocytogenes to survive in the gallbladder. Although a number of DNA repair proteins were identified for both virulent and avirulent strains, a universal mechanism for DNA repair could not be identified as being responsible for survival. The osmotic stress-response proteins found in EGDe were also linked to proteins associated with biofilm formation. The initial stress response may be required for survival during early entry into the gallbladder and then abandoned once a biofilm has been established. F2365 may be able to survive in the gallbladder by utilizing the osmotic stress-response pathways identified, coupled with expression of an efflux pump. Interestingly, proteins utilized for osmotic stress in L. monocytogenes have also been found to contribute to cross-protection for this bacterium during anaerobiosis and alkaline stress. In conclusion, the ability of L. monocytogenes to survive in the gallbladder may be dependent on general stress-response mechanisms related to DNA repair and the osmotic stress response, coupled with expression of a transmembrane efflux pump or proteins involved in the formation of biofilms. . The data represent means±SD from three independent replicates.
